Abstract Changes in satellite cell content play a key role in regulating skeletal muscle growth and atrophy. Yet, there is little information on changes in satellite cell content from birth to old age in humans. The present study defines muscle fiber type-specific satellite cell content in human skeletal muscle tissue over the entire lifespan. Muscle biopsies were collected in 165 subjects, from different muscles of children undergoing surgery (<18 years; n=13) and from the vastus lateralis muscle of young adult (18-49 years; n=50), older (50-69 years; n=53), and senescent subjects (70-86 years; n=49). In a subgroup of 51 aged subjects (71±6 years), additional biopsies were collected after 12 weeks of supervised resistance-type exercise training. Immunohistochemistry was applied to assess skeletal muscle fiber type-specific composition, size, and satellite cell content. From birth to adulthood, muscle fiber size increased tremendously with no major changes in muscle fiber satellite cell content, and no differences between type I and II muscle fibers. In contrast to type I muscle fibers, type II muscle fiber size was substantially smaller with increasing age in adults (r=−0.56; P<0.001). This was accompanied by an age-related reduction in type II muscle fiber satellite cell content (r=−0.57; P<0.001). Twelve weeks of resistance-type exercise training significantly increased type II muscle fiber size and satellite cell content. We conclude that type II muscle fiber atrophy with aging is accompanied by a specific decline in type II muscle fiber satellite cell content. Resistance-type exercise training represents an effective strategy to increase satellite cell content and reverse type II muscle fiber atrophy.
Introduction
It has been over 50 years since the discovery of satellite cells as the stem cells of skeletal muscle tissue (Mauro 1961) . In adult skeletal muscle, satellite cells normally reside in a quiescent state in their niche below the basement membrane. Upon appropriate stimuli, satel (Dhawan and Rando 2005; Hawke and Garry 2001) . Subsequently, they can either differentiate to form new myonuclei or return to quiescence. The latter will replenish the resident satellite cell pool through selfrenewal (Dhawan and Rando 2005; Hawke and Garry 2001; Kadi et al. 2005; Zammit et al. 2004) .
Normal myogenesis, as in childhood growth, is established by extensive hypertrophy of the muscle fibers, which is accompanied by a concomitant increase in nuclear number (Oertel 1988; Vassilopoulos et al. 1977 ). As such, childhood development requires the continuous activation, proliferation, and differentiation of satellite cells into new myonuclei, likely resulting in a relative decline of the satellite cell pool size. In adulthood, satellite cells are essential for maintenance, repair, and hypertrophy of skeletal muscle tissue. After the third decade of life, skeletal muscle mass and strength start to decline, with a more progressive decline after the fifth decade (Janssen et al. 2000; Lindle et al. 1997) . The loss of skeletal muscle mass results in functional impairments and an increased risk of developing chronic metabolic disease at an advanced age (Evans 1997) . At the myocellular level, the age-related loss of muscle tissue is characterized by specific type II muscle fiber atrophy (Larsson et al. 1978; Lexell et al. 1988) . Since satellite cells represent the stem cells responsible for muscle fiber maintenance, a decline in satellite cell content and/or function would likely contribute to the loss of muscle mass with aging. Whereas some studies have reported an agerelated decline in satellite cell content (Kadi et al. 2004; Renault et al. 2002) , others failed to confirm these findings (Dreyer et al. 2006; Roth et al. 2000) . Previous work from our laboratory suggests that this inconsistency may be explained by the lack of muscle fiber type-specific data (Verdijk et al. 2007 ). However, it remains to be determined how satellite cell content changes over the lifespan. We hypothesize that throughout childhood, both types I and II muscle fiber size will increase without major changes in the absolute number of satellite cells. Furthermore, we hypothesize that throughout adulthood, type II muscle fiber satellite cell content declines with an increasing age, with the greater differences observed in senescence.
Resistance-type exercise training represents an effective interventional strategy to increase muscle mass and function in the elderly (Fiatarone et al. 1990; Frontera et al. 1988) . Prolonged resistance-type exercise training has been shown to result in both type I and/or type II muscle fiber hypertrophy in elderly subjects (Martel et al. 2006; Singh et al. 1999) . Since satellite cells are the only known source to provide additional myonuclei to muscle fibers, an increase in satellite cell content is required to allow substantial muscle fiber hypertrophy. Though an increase in satellite cell content in response to prolonged resistance training has been reported by some (Mackey et al. 2007; Roth et al. 2001) , others have failed to confirm those findings (Petrella et al. 2006 ). This discrepancy is, at least partly, explained by the lack of muscle fibertype specific data (Snijders et al. 2009; Verdijk et al. 2009a; Verney et al. 2008) . We hypothesize that prolonged resistance-type exercise training in the elderly increases satellite cell content in the type II muscle fibers, thereby allowing type II muscle fiber hypertrophy. Therefore, we examined whether the resistance-type exercise training-induced increase in type II muscle fiber size can be predicted by the concomitant increase in satellite cell content.
The primary objective of the present study was to define muscle fiber type-specific satellite cell content in skeletal muscle tissue derived from human subjects over the entire lifespan. Our second objective was to determine whether age-related changes in muscle fiber satellite cell content can be reversed following prolonged resistance-type exercise training. Therefore, muscle biopsies were collected in a large group of subjects (n=165; age, 0-86 years) after which samples were analyzed for muscle fiber type-specific size, composition, and myonuclear and satellite cell content. Furthermore, 51 of the older individuals were subjected to 12 weeks of resistance-type exercise training to assess the impact on muscle fiber size and satellite cell content.
Methods

Subjects
A total of 13 children under the age of 18 years and 152 healthy male adult subjects (age, 18-86 years) were included in the present study. Skeletal muscle biopsy samples from all subjects under the age of 18 years were collected during cardiothoracic surgery not related to any pathology directly affecting skeletal muscle tissue morphology and/or function (i.e., none of the children underwent surgery for cardiac failure; Delhaas et al. 2013 ). Adult subjects from various studies that were performed within our laboratory over the past 5 years were selected based on the availability of a skeletal muscle biopsy sample, taken in the morning following an overnight fast, with no intense physical activity or exercise for at least 3 days prior to biopsy collection. All subjects were healthy, independently living volunteers without any major comorbidities, and had not participated in any structured exercise training program for at least 3 years. Biopsies from subjects with orthopedic and/or cardiovascular abnormalities or type 2 diabetes were excluded from analyses. Adult subjects were equally divided over three groups based on age: young adult (18-49 years; n=50), older (50-69 years; n=53), and senescent (≥70 years; n=49). All subjects had been informed on the nature and possible risks of the experimental procedures, before written informed consent was obtained from the subjects, or their legal representatives in the case of children. All procedures were performed in compliance with the Declaration of Helsinki and approved by the Medical Ethics Committees of the Maastricht University Medical Centre+ and the University of Leuven.
Muscle biopsies
Muscle biopsies from all subjects under the age of 18 years (n=13) were taken during non-musclerelated cardiothoracic surgery, from various muscle groups, i.e., rectus abdominis, pectoralis major, or sartorius. Muscle biopsies from healthy adults were taken in the morning, after an overnight fast, and following 30 min of supine rest; using the percutaneous needle biopsy technique, biopsies were taken from the vastus lateralis muscle,~15 cm above the patella, after local anesthesia (Bergstrom 1975) . Any visible non-muscle tissue was removed from the biopsy samples, which were then embedded in Tissue-Tek (Sakura Finetek, Zoeterwoude, the Netherlands), immediately frozen in liquid nitrogen-cooled isopentane, and stored at −80°C until further analyses.
Resistance-type exercise training
To determine the impact of prolonged resistance-type exercise training on satellite cell content in older individuals, a subset of 51 aged subjects (71±6 years) participated in a 12-week progressive resistance-type exercise training program. Details of the exercise program have been reported previously (Verdijk et al. 2009b ). In short, supervised resistance-type exercise training was performed three times per week for a 12-week period. Training consisted of a 5-min warm-up on a cycle ergometer, followed by four sets on both the leg press and leg-extension machines, followed by a 5-min cooling down period on the cycle ergometer. The post-intervention muscle biopsy sample was taken from the same leg 4 days after performing the last exercise session.
Immunohistochemistry
From all muscle biopsies, 5-μm-thick cryosections were cut at −20°C, and samples were mounted on pre-cleaned uncoated glass slides. Care was taken to properly align the samples for cross-sectional fiber analyses. Serial cross-sections were stained for muscle fiber typing and myocellular satellite cell content as described previously (Verdijk et al. 2009a ). In short, staining procedures were as follows. After fixation (5 min acetone), slides were air-dried and incubated for 60 min at room temperature with primary antibodies directed against laminin and either myosin heavy chain (MHC)-I or CD56, to stain type I muscle fibers and satellite cells, respectively. CD56 was chosen as it has been validly used to identify satellite cells in the majority of human studies (e.g., Dreyer et al. 2006; Kadi et al. 2004; Mackey et al. 2007; Petrella et al. 2006 Petrella et al. , 2008 Verdijk et al. 2009a; Verney et al. 2008) . After incubation with primary antibodies, slides were washed (3×5 min PBS). Appropriate secondary antibodies were applied, diluted together with DAPI to stain myonuclei. After a final washing step, all slides were mounted with cover glasses. Antibodies for immunohistochemical analyses were purchased from DSHB (Iowa City, IA, USA: A4.951 for MHC-I), Sigma (Zwijndrecht, the Netherlands: laminin), BD Biosciences (San Jose, CA, USA: CD56), and Molecular Probes (Invitrogen, Breda, the Netherlands: DAPI and secondary antibodies). To control for any potential effects of the underlying pathology (e.g., cyanotic heart disease) on skeletal muscle characteristics in children, a staining for carbonic anhydrase IX was performed to detect hypoxia-affected muscle fibers (Delhaas et al. 2013) . Muscle biopsies that showed signs of hypoxia were excluded from the analyses.
After staining, digital images were captured using fluorescence microscopy (Verdijk et al. 2009a ). All image recordings and analyses were performed by an investigator blinded to subject coding. For the fiber typing slides, the number of muscle fibers, the mean fiber cross-sectional area (CSA), the number of myonuclei, and the myonuclear domain (i.e., fiber CSA/number of myonuclei) were measured for type I and type II muscle fibers separately. For the satellite cell slides, fiber type was determined based on the serial fiber typing slides. Satellite cells were determined at the periphery of the muscle fiber and stained positive for both CD56 and DAPI (Fig. 1) . The number of satellite cells per muscle fiber, the number of satellite cells per square millimeter of muscle fiber, and the number of satellite cells relative to the total number of myonuclei [number of satellite cells/(number of myonuclei+number of satellite cells)×100 %] were determined for type I and type II muscle fibers separately. On average, 240±23 type I and 182±11 type II muscle fibers were analyzed for each subject, with a minimum of 100 fibers to determine satellite cell content in type I and II muscle fibers separately (Mackey et al. 2009 ).
Statistics
All data are expressed as means±SD. To distinguish between changes occurring during normal childhood growth up to adulthood, and changes occurring throughout adulthood, separate analyses were performed on all muscle samples obtained from subjects aged 0-18 years, and subjects aged 18 years and over. Since the data were not normally distributed in the group 0-18 years, Spearman's rho (ρ) was determined to assess the relationship between age and muscle fiber size and satellite cell content.
To determine the relationship between age and muscle fiber size and satellite cell content in the adult cohort, Pearson correlation coefficients (r) were calculated. Furthermore, differences between groups (i.e., young adult, older, and senescent subjects) were analyzed by one-way ANOVA. In case of significant differences, Tukey post hoc tests were performed to locate between-group differences. In addition, differences between type I and II muscle fibers (i.e., muscle fiber CSA, myonuclear content, and satellite cell content) were analyzed by paired samples t tests in the young adult, older, and senescent groups separately.
For the subset of subjects enrolled in the resistancetype exercise training program, repeated measures ANOVA with "time×fiber type" interaction was performed. In case of significant interaction, paired samples t tests were performed to assess changes over time and/or between type I and II muscle fibers. In addition, linear regression was performed to predict the changes in muscle fiber size. Age, baseline muscle fiber size, baseline satellite cell content, baseline myonuclear content, and the change in satellite cell content and myonuclear content were included as potential predictors. All analyses were performed using SPSS version 19.0 (Chicago, IL, USA). An α level of 0.05 was used to determine statistical significance.
Results
Muscle fiber characteristics in children
Type I muscle fiber percentage averaged 64±15 % in muscle tissue obtained from children aged 0-18 years, and no change was observed with increasing age. Type I and II muscle fiber size increased substantially with age from 164 and 131 μm 2 at 1 week after birth, to 762 and 1,001 μm 2 on average at age 1 year, to 6,513 and 8,659 μm 2 on average at age 18 years, respectively. In accordance, a positive correlation was observed between age and muscle fiber size for both type I (ρ=0.96, P<0.001) and type II muscle fibers (ρ=0.91, P<0.001; Fig. 2a ). In line with the greater muscle fiber size, myonuclear content increased with age in both type I and type II muscle fibers during the first 18 years of life (ρ=0.89 and ρ=0.85, respectively; P<0.001). The number of satellite cells per muscle fiber averaged 0.076±0.015 (type I) and 0.076±0.023 (type II) in the first year of life, and modestly increased from 0 to 18 years (type I: ρ=0.62, P=0.014; type II: ρ=0.51, P=0.052; Fig. 2b ). During the first year of life, the number of satellite cells relative to the total number of myonuclei averaged 12.3 % (range, 9.4-20.9 %) and the number of satellite cells per square millimeter of muscle fiber averaged 199 (range, 92-396). Interestingly, with increasing age in children, there was a substantial decline in the number of satellite cells relative to the total number of myonuclei both in type I (ρ=−0.84, P<0.001) and type II muscle fibers (ρ=−0.88, P<0.001). In accordance, the number of satellite cells per square millimeter of muscle fiber area showed an extensive reduction with increasing age in children (type I: ρ= −0.95; type II: ρ=−0.95, P<0.001; Fig. 2c ). Importantly, no differences were observed between type I and type II muscle fibers for muscle fiber size, myonuclear content, or satellite cell content in children aged 0-18 years.
Muscle fiber type distribution and muscle fiber size in adult muscle Muscle fiber type composition was not different for older and senescent subjects when compared with the young adults (47±15 % and 48±11 % vs. 52±15 % type II muscle fibers, respectively). However, the area percentage occupied by type II muscle fibers was significantly lower in older and senescent subjects when compared with the young adults (44±16 % and 43±13 % vs. 54±16 %, respectively; P=0.001).
Correlation analysis showed that type II muscle fiber size substantially declined with an increase in age (r=−0.56, P<0.001; Fig. 3a ). No such relationship was apparent for the type I muscle fibers. In the young adult subjects, muscle fiber size was significantly greater in type II vs. type I muscle fibers (P<0.001; Fig. 4a ). In contrast, in both the older and senescent subjects, muscle fiber size was significantly smaller in type II vs. type I muscle fibers (P<0.001; Fig. 4a ).
Myonuclear and satellite cell content in adult muscle
In the young adult subjects, no differences were observed between type I and type II muscle fiber myonuclear content (Table 1 ). In the older and senescent subjects, muscle fiber myonuclear content was significantly lower in type II vs. type I muscle fibers (P<0.001; Table 1 ). In addition, type II muscle fiber myonuclear content was lower in the senescent subjects when compared with the young adult (P<0.001) and older subjects (P=0.002; Table 1 ). Whereas type I muscle fiber myonuclear domain did not differ between groups, type II muscle fiber myonuclear domain was smaller in the older subjects when compared with the young adults (P<0.001; Table 1 ).
The correlation analysis revealed that an increase in age was associated with a reduction in type II muscle fiber satellite cell content (r=−0.57; P<0.001; Fig. 3b ). No such correlation was observed for the type I muscle fibers. In line with these data, type II muscle fiber satellite cell content expressed relative to the total number of myonuclei and per square millimeter of muscle fiber area was substantially lower with an increase in age (P<0.01; Table 1 ). In the young adults, satellite cell content did not differ between type I and type II muscle fibers (0.089±0.028 vs. 0.085±0.033 satellite cells per muscle fiber, respectively; Fig. 4b ). However, in the older and senescent subjects, muscle fiber satellite cell content was significantly lower in type II (0.051±0.018 and 0.045±0.019, respectively) than in type I muscle fibers (0.080±0.030 and 0.081 ±0.032, respectively; P<0.001; Fig. 4b ). The latter was also apparent when satellite cell content was expressed relative to the total number of myonuclei and per square millimeter of muscle fiber area (P<0.05; Table 1 ).
Resistance-type exercise training
In response to 12 weeks of resistance-type exercise training, type II muscle fiber size had increased by 20 ±21 % (Fig. 5a ). The latter was significantly greater than the 9±22 % increase in type I muscle fiber size (P<0.001 for "time×fiber type" interaction). A significant "time×fiber type" interaction (P<0.001) showed that the increase in type II muscle fiber size was accompanied by an increase in type II muscle fiber myonuclear content (from 3.0±0.9 to 3.5±1.1; P=0.002), whereas no such change was observed in type I muscle fiber myonuclear content (P=0.216). No changes were observed in myonuclear domain size in either type I or type II muscle fibers following resistance-type exercise training (data not shown).
For all satellite cell variables, a significant "time×fiber type" interaction was observed. In contrast to the type I muscle fibers, type II muscle fibers showed a substantial increase in satellite cell content from 0.049±0.018 satellite cells per fiber at baseline to 0.074±0.032 satellite cells per fiber following 12 weeks of resistance-type exercise training (P<0.001; Fig. 5b ). In accordance, type II muscle fiber satellite cell content significantly increased when expressed as the number of satellite cells relative to the total number of myonuclei (from 1.7±0.8 % to 2.2±1.0 %; P=0.001), as well as the number of satellite cells per square millimeter of muscle fiber area (from 9.6±3.9 to 12.0±5.3 satellite cells per square millimeter; P=0.003). No such changes were observed in type I muscle fibers. Whereas at baseline, both muscle fiber size and muscle fiber satellite cell content were significantly lower in type II vs. type I muscle fibers, these differences were no longer apparent after 3 months of supervised resistance-type exercise training (Fig. 5) .
Interestingly, linear regression analysis showed that a greater increase in both type II muscle fiber satellite cell content and myonuclear content were strongly associated with a greater increase in type II muscle fiber size in response to training. In order of the strength of the relations, the following parameters were shown to significantly predict the increase in type II muscle fiber size 
Discussion
In the present study, we assessed type I and type II muscle fiber size and satellite cell content in humans aged 1 week through 86 years. We show that during childhood, both type I and II muscle fiber size increase with a concomitant increase in myonuclear content. Throughout adulthood, there is a specific decline in type II muscle fiber size in the vastus lateralis muscle with increasing age. In this large cohort with ages ranging over the adult human lifespan, we report that type II muscle fiber atrophy with aging is accompanied by a muscle fiber type-specific decline in satellite cell content. Furthermore, we show that prolonged resistancetype exercise training can fully reverse the age-related reduction in type II muscle fiber size and satellite cell content.
By virtue of their stem cell properties, satellite cells are essential for skeletal muscle fiber growth, repair, and regeneration throughout human life (Hawke and Garry 2001) . In the present study, we obtained muscle tissue from subjects aged 0-86 years, allowing us to assess differences in muscle fiber type-specific satellite cell content throughout the entire human lifespan. In muscle tissue samples obtained from children aged 0-18 years, we observed that muscle fiber satellite cell content remains fairly constant from birth towards adulthood (Fig. 2b) . However, when expressed relative to muscle fiber area, satellite cell content shows an almost 30-fold decline in subjects aged 0 through 18 years (Fig. 2c) . Of course, there is not much data on muscle fiber characteristics in such young children. Previous work in both animals (Brown and Stickland 1993; Cardasis and Cooper 1975) and humans (Schmalbruch and Hellhammer 1976; Thornell et al. 2003) merely assessed satellite cell content as a percentage of the total number of myonuclei and reported a decline in satellite cell content from birth significantly different when compared with young adult subjects towards adulthood. We now extend on these findings by showing that such a decline is only observed when satellite cell content is expressed relative to muscle fiber size and/or myonuclear content. Furthermore, we report that during normal childhood growth, no major differences are apparent between type I and II muscle fibers for muscle fiber size and satellite cell content. The greater satellite cell content in very young children (i.e., expressed relative to muscle fiber size and/or myonuclear content) is likely essential to provide new myonuclei to allow substantial muscle hypertrophy during childhood growth (Oertel 1988; Vassilopoulos et al. 1977) . In support, we report a 30-to 40-fold increase in type I and type II muscle fiber size during the first 18 years of life (Fig. 2a) , with a concomitant increase in the number of myonuclei per muscle fiber. Over the adult lifespan, there is a gradual loss of skeletal muscle mass with increasing age (Janssen et al. 2000) . With large differences existing in the function and morphology of different muscles, age-related changes in muscle fiber characteristics have also been shown to be markedly different between, for example, limb and jaw muscles (Monemi et al. 1999; Renault et al. 2002; Thornell et al. 2003) . In the present study, we show that between the third and ninth decade of life, there is an approximate 30-35 % reduction in type II muscle fiber size in the vastus lateralis muscle (Fig. 3a) . Strikingly, from the current cross-sectional analysis, there is absolutely no indication of any decline in type I muscle fiber size with increasing age. Whereas type II muscle fiber size in vastus lateralis generally exceeds type I muscle fiber size in a young adult population, the opposite holds true at a more advanced age (Fig. 4a) . These data confirm previous suggestions reporting specific type II muscle fiber atrophy with aging (Larsson et al. 1978; Lexell et al. 1988) . This underlines the importance of muscle fiber type-specific characterization of skeletal muscle tissue, as type-specific alterations may remain undetected when using mixed muscle fiber analyses. Apart from typespecific modifications in muscle fiber size, changes in MHC composition have been reported throughout life. Previous work has shown substantial MHC coexpression in old vastus lateralis muscle (Andersen et al. 1999) , old masseter muscle (Monemi et al. 1999) , and young masseter but not biceps brachii muscle (Osterlund et al. 2012) . Furthermore, a shift towards a fast and fetal phenotype was observed in old masseter muscle (Monemi et al. 1999 ) and a shift towards a slower phenotype in the old biceps brachii (Klitgaard et al. 1990; Monemi et al. 1999 ) and vastus lateralis muscle (Klitgaard et al. 1990 ). These previous studies have shown that muscle phenotypic modifications throughout life are both muscle and region specific, and different findings may be observed when using, e.g., immunohistochemistry vs. gel electrophoresis (Klitgaard et al. 1990; Monemi et al. 1999) . Using immunohistochemistry with a single MHC antibody in the present study, we were unable to detect any changes in MHC composition throughout life. It remains to be established to what extent age-related transitions in MHC composition and/or coexpression are associated with changes in muscle fiber size and/or satellite cell content.
To investigate the proposed relationship between agerelated muscle atrophy and satellite cell content, we previously compared muscle fiber characteristics between a small group of healthy young (n=8) and elderly men (n=8). That study was the first to report that senescent muscle is characterized by a selective type II muscle fiber specific decline in satellite cell content (Verdijk et al. 2007) . To further investigate these proposed fiber typespecific changes in satellite cell content with aging, we obtained muscle biopsy samples from 152 adults with ages ranging from 18 through 86 years. The present work extends on our previous observations by showing that increasing age is associated with a type II muscle fiber type-specific decline in satellite cell content, whereas no such correlation is observed for the type I fibers (Fig. 3b) . In the past, small differences have been reported for satellite cell numbers assessed by CD56 compared with Pax-7 (Lindstrom and Thornell 2009; Mackey et al. 2009; McKay et al. 2010 ). This discrepancy is likely attributed to differences in staining profile of these markers and/or their differential expression throughout the cell cycle (related to biopsy sampling time points). Therefore, it is essential to explicitly describe the procedures for muscle biopsy collection and satellite cell determination. In doing so, we (Verdijk et al. 2007 ) and others (Lindstrom and Thornell 2009; McKay et al. 2010) have shown that the majority of satellite cells (i.e., >95 %) are both Pax-7-and CD56-positive, with no differences between young and elderly. As such, the decline in satellite cell content appears a genuine hallmark of aging and is unlikely affected by the specific marker chosen to identify satellite cells. Given the cross-sectional nature of our data, we are unable to determine whether the observed decline in satellite cell content may represent either a cause or simply a consequence of muscle fiber atrophy. However, previous studies have suggested that satellite cell pool size may play an important role in skeletal muscle maintenance and growth (Petrella et al. 2008; Shefer et al. 2006) . As such, the current findings strongly support our beliefs that the decline in satellite cell content represents a key factor in the etiology of muscle atrophy with aging.
Interestingly, we also observed a significant decline in myonuclear content and myonuclear domain size with aging, specifically in the type II muscle fibers (Table 1) . Whereas recent studies have questioned a role for myonuclear loss in skeletal muscle atrophy, a reduction in myonuclear domain size with aging has been reported more consistently (Cristea et al. 2010; Kadi et al. 2004 ). This finding may be associated with a reduced capacity of each myonucleus to sustain cellular processes for a certain volume of cytoplasm. However, the exact relations between changes in satellite cell pool size, changes in myonuclear content and domain size, and their contribution to type II muscle fiber atrophy with aging remain to be fully established.
To further study the proposed relation between changes in muscle fiber satellite cell content and muscle fiber size, a subset of 51 elderly subjects (71±6 years) were subjected to a supervised resistance-type exercise training program. After 12 weeks of resistance-type exercise training, we observed a type II muscle fiberspecific increase in satellite cell content and myonuclear content (Fig. 5 ). Even at a more advanced age, skeletal muscle tissue can still induce satellite cell proliferation and allows the subsequent incorporation of their differentiated progeny as newly formed myonuclei. This likely allowed the substantial 20 % increase in type II muscle fiber size following 12 weeks of training. Interestingly, a modest 9 % increase in type I muscle fiber size was also reported. The latter, however, was not associated with an increase in satellite cell content. Previous studies have indicated that resistance-type exercise training can reverse the age-related decline in type II muscle fiber size (Martel et al. 2006; Singh et al. 1999; Verdijk et al. 2009a; Verney et al. 2008) . Furthermore, it has been suggested that the incorporation of newly derived myonuclei is necessary to subsequently allow substantial muscle fiber hypertrophy (Bruusgaard et al. 2010; Petrella et al. 2008) . Therefore, we hypothesized that resistance-type exercise training would increase type II muscle fiber satellite cell content, thereby facilitating the incorporation of newly formed myonuclei and, subsequently, allowing type II muscle fibers to hypertrophy. By subjecting a large number of elderly men to 12 weeks of training, we were able to assess which factors would predict the extent of muscle fiber hypertrophy. We observed that elderly subjects that showed a greater increase in type II muscle fiber satellite cell content also showed a greater increase in type II muscle fiber size. In addition to the increase in satellite cell content, both the increase in myonuclear content as well as myonuclear content at baseline were shown to be predictive of the increase in type II muscle fiber size. In contrast with the earlier work by Petrella et al. (2008) , we did not observe an association between baseline satellite cell content and the potential for hypertrophy. It remains to be determined to what extent this could be explained by differences in study design (i.e., age and gender of subjects, and mixed vs. muscle fiber type-specific analyses). Nonetheless, in agreement with Petrella et al. (2008) , we provide further support for the idea that an increase in satellite cell and myonuclear content play a key role in determining an individual's potential for skeletal muscle fiber hypertrophy (Snijders et al. 2009; Zammit et al. 2006) . It was recently shown that under experimental conditions, muscle hypertrophy can occur without a satellite cell-induced increase in myonuclear content (McCarthy et al. 2011) . Interestingly though, the same authors provide evidence to support that in normal, non-satellite cell-depleted muscle, overload induced hypertrophy is associated with fusion of satellite cell-derived myonuclei (McCarthy et al. 2011) . We argue that in a normal, physiological situation, the induction of satellite cells and the subsequent incorporation of new myonuclei are prerequisite for substantial muscle hypertrophy.
In the present study, muscle tissue collected from different muscles in children undergoing surgery was only included in the analysis when no sign of hypoxia was detected. In support of this strategy, our data on muscle fiber growth and distribution patterns in children are in line with previous findings (Brooke and Engel 1969; Oertel 1988 ). Nonetheless, caution should be taken when interpreting and translating the children's data toward other muscle (groups), as large heterogeneity in muscle fiber characteristics exists between different muscles (Osterlund et al. 2012) . The latter includes the vastus lateralis muscle, from which biopsies were collected in all adult subjects. This muscle is easily accessible and, more importantly, plays a major role with regard to age-related functional impairments (Fiatarone et al. 1990; Visser et al. 2002) . Therefore, the substantial reduction in type II muscle fiber satellite cell content and muscle fiber size with increasing age is of great clinical importance. Yet, with different muscles aging differently (Monemi et al. 1999; Renault et al. 2002; Thornell et al. 2003) , fiber type-specific changes in muscle fiber size and satellite cell content remain to be examined throughout the human body. Furthermore, Fig. 3 clearly shows that age alone does not fully explain the large variability in muscle fiber size and satellite cell content between individuals. Habitual physical activity level has been identified as a strong predictor of muscle mass and strength, independent of age (Baumgartner et al. 1999 ). Differences in physical activity level likely contribute to the large inter-subject variability in muscle fiber size and satellite cell content. The latter is supported by the observation that resistance-type exercise training can fully reverse the age-associated reduction in type II muscle fiber size and satellite cell content. Clearly, skeletal muscle tissue retains a remarkable degree of plasticity even at a more advanced age. Consequently, there is ample opportunity for future exercise, nutritional, and pharmacological interventions to prevent or attenuate age-related muscle loss. Given the fiber typespecific changes in muscle tissue characteristics with aging, it is evident that effective interventions should specifically target type II muscle fiber atrophy.
We conclude that from birth to adulthood in humans, muscle fiber size increases tremendously with no major changes in the number of satellite cells per muscle fiber and no differences between type I and II muscle fibers. Throughout the adult lifespan, aging is accompanied by a specific decline in type II muscle fiber satellite cell content. The specific reduction in type II muscle fiber satellite cell content likely represents a key factor responsible for specific type II muscle fiber atrophy with aging. This age-related muscle atrophy can be effectively reversed by prolonged resistance-type exercise training. Resistance-type exercise training increases type II muscle fiber satellite cell content, facilitating the incorporation of new myonuclei, thus allowing type II muscle fiber hypertrophy.
